ABSTRACT: A well-defined three-dimensional geodetic datum is essential to the development of a modernized nation. Also, it is of importance for the geodetic datum to be sufficiently accurate at all times to meet the requirements of many scientific and engineering applications, such as crustal deformation monitoring, national charting and mapping, cadastral survey, and precise navigation. The objective of this research was to investigate key geodetic issues associated with the establishment and maintenance of a new geodetic datum in the Taiwan region, including Taiwan Island and several offshore islands adjacent to Mainland China. The most important aspect of all was that this region is one of the world's most unstable areas with significant annual tectonic movements and frequent major earthquakes. Taiwan lies at the junction of the Eurasian and Philippine Sea plates. In fact, the September 21, 1999 Chi-Chi earthquake of magnitude 7.6 was the largest earthquake of the century to strike the island and severely deformed the crust of central Taiwan. This massive earthquake not only created significant coseismic displacements among the largest fault movements ever observed from modern earthquakes but also revealed intriguing geophysical and geological phenomena. The 3D coseismic displacement field was recovered from timely maintenance of the new geodetic datum.
INTRODUCTION
The development and implementation of an accurate national geodetic datum is crucial to ensure efficient and effective land development in a modernized nation. In response to continuing environmental, social, and technological changes and advances, it is often necessary to regularly review and upgrade existing geodetic networks. Previous examples include the continuing improvements made to the European Datum and the North American Datum (Schwartz and Wade 1990; Ehrnsperger 1991; Overgaauw et al. 1994) .
Taiwan possessed a horizontal geodetic network named TWD67 (Taiwan geodetic datum based on the GRS67 reference ellipsoid), which was established in the late 1970s using triangulation. The TWD67 station coordinates were fixed to their original values defined approximately 20 years ago despite the fact that Taiwan is located in an active tectonic zone on the boundary of the Eurasian and Philippine Sea plates. Moreover, because of the occurrences of natural disasters such as earthquakes and typhoons, along with frantic construction activities undertaken during that period of time, a larger percentage of the TWD67 triangulation points have been lost. As a result, the Ministry of the Interior in 1995 decided that Taiwan needed to replace the aging TWD67 with a new, satellite-based, geocentric reference frame having the following properties: 1 Assoc. Prof., Dept. of Surv. Engrg., Nat. Cheng Kung Univ., 1 University Rd., Tainan, Taiwan, 70101, R.O.C. E-mail: myang@mail.ncku.edu.tw 2 Dir., Satellite Geoinformatics Res. Ctr., Nat. Cheng Kung Univ., 1 University Rd., Tainan, Taiwan 70101, R.O.C. Lect., Dept. of Surv. Engrg., Nat. Cheng Kung Univ., 1 University Rd., Tainan, Taiwan 70101, R.O.C.
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1. The new datum should be flexible so that resurveys or future surveys can contribute to the datum and not be distorted by it. 2. The new datum should be directly connected with the International Terrestrial Reference Frame (ITRF). 3. The distribution of accurate control stations in the new datum should be of sufficient density to meet the needs of most user communities. 4. The new datum should sustain uniform frame accuracy by appropriate and timely updates.
The Global Positioning System (GPS) was selected as the fundamental means for the creation of the new geodetic datum, with the consideration that the datum should be technologically independent with the ability for future improvement with a higher instrumental accuracy. To connect the new datum with the ITRF, a regional GPS permanent tracking network was established in 1995. From 1995 to 1998, the regional tracking network was intensified with an extensive network consisting of 726 first-and second-order stations that covered the entire region, with an average spacing of merely 10-15 km. The main challenge, however, remained in the maintenance of the reference frame. It is difficult to uphold an internally consistent accuracy for the new datum in view of the secular crustal deformation and abnormal land displacements caused by relatively frequent major earthquakes in the region. For that reason, a dynamic rather than a fixed type of reference frame would be an advantage.
In this paper, we present the implementation of a dynamic, centimeterlevel accuracy geodetic network for Taiwan, namely, the Taiwan geodetic datum 1997 (TWD97), a reference frame computed in the ITRF94 at reference epoch 1997.0. This paper also investigates TWD97 maintenance in connection with the determination of coseismic displacements associated with the 1999 Chi-Chi earthquake.
GPS PHASE MEASUREMENTS
The observation equations of the GPS carrier phases are reviewed first. The GPS dual frequency double-differenced phase observations, measured between receivers i and j (subscript), and satellites k and l (superscript) are given as follows (Yang 1995; Goad and Yang 1997) :
In (1), ⌽ 1 and ⌽ 2 are the carrier phase ranges measured at the L 1 and L 2 frequencies, respectively. The term is the double-differenced geometric distance between the two GPS satellite antennas and the two ground receiver antennas. The first-order ionospheric refraction is denoted as I/f 2 , with f 1 = 1,575.42 MHz and f 2 = 1,227.6 MHz as the frequencies of the L 1 and L 2 phases. The frequency independent effect (for the GPS L-band frequencies) of the tropospheric refraction is characterized by the term T. The integer ambiguities associated with the L 1 and L 2 phases are denoted as N 1 and N 2 , respectively, and the corresponding wavelengths are 1 Ϸ 19 cm and 2 Ϸ 24 cm. The measurement noise is characterized by the error term e. The clock errors of the two satellites and the two receivers, which do not appear in (1), were removed using the double-differencing procedure.
It is common practice to eliminate the first-order ionospheric effect by combining the two phases into a linear combination as follows (HofmannWellenhof et al. 1997) :
where the two multipliers are defined as
This particular linear combination of the two phases, the so-called L 3 phase measurement, is unaffected by the first-order ionospheric propagation and is normally used as the fundamental measurement in GPS data processing (Goad et al. 1996) . The estimable parameters on the right-hand side of (2) comprise the GPS satellite antenna's geocentric coordinates (x
, the ground antennas' coordinates (x i , y i , x i ) and (x j , y j , z j ), the double-differenced tropospheric delay T, as well as the double-differenced phase ambiguity integers N 1 and N 2 .
Today's GPS campaigns normally involve a number of stations occupied by GPS receivers operating simultaneously. The measurements collected concurrently by the receivers are called an observation session (Seeber 1993) . Different sessions are connected with one another through a group of common points where observations are made in multiple sessions. Because the GPS phase observable in (2) is not sensitive to the rate of coordinate change, a single-session solution does not directly reveal station velocity information in its associated normal system. However, in a multisession adjustment that combines the normal systems from individual single-session solutions, coordinate variation rates of selected stations can be dependably determined, provided that the total elapsed time for the selected stations is sufficiently long (Beutler et al. 1996) .
TWD97 DATA PROCESSING AND ANALYSIS

GPS Data
The GPS data used for the establishment of TWD97 were obtained from two sources. The first source included continuous observations collected between April 1995 and May 1998 at stations of the regional GPS tracking network and the global tracking network overseen by the International GPS Service (IGS) (Neilan et al. 1997; Beutler et al. 1999) . The second source contained 124 independent field surveys, conducted at the 726 first-and second-order TWD97 stations for the same period. Fig. 1 displays the spatial distribution of the 48 IGS stations used in this study. The IGS core stations (indicated by circles) were selected first; then, other IGS sites (indicated by squares) were added to give a denser and uniform distribution around the globe. The coordinates and velocities of the IGS sites were accurately defined (Boucher et al. 1996 ). Taiwan's only IGS site, TAIW, located in the northern part of the island within Taipei City, is the only station included in both the global and the regional networks. Fig. 2 illustrates the geographical distribution of the TWD97 control stations and the regional tracking network. Two second-order control points located on Nan-Sa Island in the South China Sea near the Philippines, however, are not shown in Fig. 2 . Three of the regional tracking stations-MZUM, KMNM, and TNSM-are located on offshore islands close to Mainland China, while the remaining stations are evenly distributed along the coastline of Taiwan Island. Installed in the regional tracking network were dual frequency TurboRogue receivers with Dorne & Margolin geodetic antennas (both manufactured by Allen Osborne Associates, Pasadena, Calif.). The 105 first-order stations are uniformly distributed, with an average spacing of 30-40 km, even in the central mountainous areas where average elevations are greater than 3 km. The 621 second-order points, in contrast, are primarily used to increase the density of control information in developed and populated areas where there is greater need for precise geodetic information. The combined 10-15 km average spacing thus constitutes a dense spatial distribution of high-precision geodetic control stations for the region.
The continuous data were recorded every 30 s by the regional tracking network in accordance with the IGS standard. For the 124 field sessions, the fundamental session length was 4-5 h, and the dual frequency observations recorded by GPS receivers of various types were sampled every 15 s. The number of GPS receivers used in the field surveys varied greatly, with a minimum of 2 and a maximum of 123 control stations involved in a single session. Because the GPS satellite geometry was different for various sessions, all stations were surveyed with multiple occupations. In addition to the designated spatial separation between adjacent stations, the only other major difference between the first-order and second-order stations was the number of reoccupations taken. Among the 124 observation sessions, 75 sessions were devoted to surveying the 105 first-order points and, as a result, the firstorder stations were, on average, surveyed 6-7 times. Only 49 of the 124 sessions were used to survey the 621 second-order points. Therefore, the second-order stations were, on average, measured in only 2-3 sessions.
TWD97 Adjustment
To retrieve accurate positional information using GPS, the physical parameters contained in (2) must either be carefully modeled or estimated together with the unknown station coordinates during the data reduction process. By forming the L 3 ionosphere-free phase combination, we removed the firstorder ionospheric effect. The high-precision orbits of the GPS satellites are crucial to long-baseline applications, so the fixed IGS precise ephemeris was used, which could be directly downloaded from IGS data centers with an estimated coordinate root mean square of 5-10 cm (Neilan et al. 1997; Beutler et al. 1999) . The modified Hopfield model (Goad and Goodman 1974) with surface meteorological data was used to give the nominal tropospheric delays on GPS phase measurements. Additionally, one correction parameter per station every 4 h was estimated to absorb unmodeled tropospheric errors. As a result, the estimated parameters in a single-session solution consisted only of the station coordinates (or alternatively, the baseline components), the tropospheric parameters, and the phase integer ambiguities. A summary of the data reduction strategy is given in Table 1 . In this study, we primarily used the Bernese 4.0 software developed at the University of Berne, Switzerland and the GAMIT program developed at the Massachusetts Institute of Technology as our fundamental tools for GPS data analysis. Because of the enormous data size, we also used the GPSurvey program from Trimble Navigation Inc. (Sunnyvale, Calif.) for data management of the 49 observation sessions associated with the second-order points.
The continuous GPS measurements collected at the IGS and regional tracking stations between April 1995 and May 1998 were analyzed first to obtain
FIG. 3. ITRF94 Epoch 1997.0 Velocities and Associated Error Ellipses for Regional
Tracking Stations precise spatial information of the regional tracking network. The coordinates and velocities of the IGS stations were stochastically constrained to their corresponding a priori values defined in ITRF94 (Boucher et al. 1996) . Given the high data density and sufficient elapse time, we were able to obtain reliable station coordinate and velocity estimates defined in the same frame at epoch 1997.0 (approximately the midpoint of the data span) for the regional tracking stations. The resultant millimeter-level coordinate standard deviations are listed in Table 2 . It is interesting to note that all stations were better determined in the north-south component than the east-west component. This is due to the fact that the mean latitude of this area (ϳ24Њ) is low, and the GPS satellites fly over Taiwan mainly in the north-south direction. The worst determined station was TNSM, as a result of intermittent data outage problems caused by communication malfunctions. Fig. 3 displays ITRF94 velocities and associated error ellipses for the nine regional tracking stations. Consistent velocities are identified for TAIW, YMSM, MZUM, KMNM, and TNSM at ϳ4 cm/year in a N110ЊE direction. Three other stations located on the southeast coast of Taiwan Island, where the Eurasian and Philippine Sea plates crash into one another, namely FLNM, TMAM, and KDNM, however, displayed very distinctive motions. Fig. 4 shows the velocities expressed with respect to the KMNM station adjacent to Mainland China. It is clear in Fig. 4 that the major in-frame movements manifested by the large relative velocities up to 3-4 cm/year are mainly present in the central, south, and east regions of Taiwan Island.
The 1997.0 ITRF94 coordinates of the 105 first-order points were then determined with the previously acquired stochastic constraints associated with regional tracking stations, i.e., the ITRF94 velocities and coordinates and their associated standard deviations. The coordinate variation rates of the 105 first-order stations, however, were not estimated in the adjustment, because the number of occupations per station was not sufficient to recover reliable velocity information. Fig. 5 displays the horizontal error ellipses of the 105 first-order points, and the error vectors in the vertical direction are shown in Fig. 6 . Uniform precision levels of 1-2 cm in the horizontal components and 2-4 cm in the vertical component were achieved for most stations. The precision of the vertical component, noticeably worse than that of the horizontal components, was mainly caused by the insufficient length of the field sessions (only 4-5 h) for effective separation of the vertical component from other error sources. In the final step, the coordinates of the 621 second-order points were determined with the previously acquired stochastic constraints associated with the tracking stations and the first-order points. The outcome of the TWD97 adjustment is summarized in Table 3 .
MAINTENANCE OF TWD97 WITH APPLICATION TO DETERMINATION OF COSEISMIC DISPLACEMENTS OF 1999 CHI-CHI EARTHQUAKE
Taiwan is situated on the tectonic convergence boundary of the Eurasian and Philippine Sea plates, moving at a rate of several centimeters per year (DeMets et al. 1990; Larson et al. 1997; Yang et al. 2000) . If this annual deformation is not accounted for in the geodetic datum then it can be expected that the datum will be subject to continually increasing distortion (Reigber and Feissel 1997) . A velocity model, based on continuous GPS observations collected by the regional tracking network, was incorporated into the TWD97 adjustment. According to this model, we can identify the central, east, and south regions of Taiwan Island as an unstable area where the relative movements are greater than the internal accuracy of the frame. To sustain the designed frame accuracy at the level of a few centimeters, it was recommended and accepted by the Ministry of the Interior that resurveys of selected TWD97 stations should be scheduled every 2-3 years with special emphasis on stations located in unstable regions. Corrections to station positions will be made available to applicable users who require the highest level of accuracy. As a by-product of high-precision geodetic control, an improved, detailed velocity field for the unstable area can also be developed.
Another major impact to TWD97 occurred at 0147 hrs local time (1747 hrs GMT the previous day), September 21, 1999 . The Chi-Chi earthquake of magnitude 7.6 severely deformed the Earth's crust in the central Taiwan area. As the largest earthquake of the century in Taiwan, this massive earthquake created an 85-km-long surface rupture and caused approximately 10,000 collapsed structures and over 2,300 fatalities and 8,700 injuries (Ma et al. 1999) . The Ministry of the Interior completed the collection of postearthquake GPS data at TWD97 stations located in the central Taiwan area within one month of the devastating event for maintenance of the TWD97. Again we utilized the same data processing strategy listed in Table 1 . Instead of applying the stochastic constraints associated with the nine regional tracking stations, here we only minimally constrained the 1997.0 position for the KMNM tracking station (260 km away from the epicenter) to calculate the updated station coordinates for the GPS stations involved in the computation. This was done to truly reflect any possible seismic motions induced by the earthquake within Taiwan Island.
FIG. 8. Vertical Displacement Vectors and Corresponding Error Bars Associated with 1999 Chi-Chi Earthquake
The resultant coordinate changes of the 285 stations were caused by two factors: the tectonic movements since the reference epoch at 1997.0 and the coseismic displacements associated with the earthquake. To compute the movements of the 285 stations between the reference epoch at January 1, 1997 and the earthquake epoch at September 21, 1999, we interpolated station velocities for the stations from the tectonic velocity field introduced by Yu et al. (1997) . After subtracting the effects of the tectonic deformation, which are generally only at a few centimeters level, the coseismic displacement field of the Chi-Chi earthquake sampled at the 285 TWD97 points was obtained (Yang et al. 2000) .
The horizontal and vertical coseismic displacement vectors are displayed in Figs. 7 and 8 , respectively. The thick black line indicates the surface rup-ture produced by the earthquake, and the epicenter is shown as a large star near the southern end of the rupture zone. The direction of the slip vector observed from GPS measurements is northwestward, which is consistent with the relative motion of the Philippine Sea plate with respect to the Eurasian plate. The surface rupture extends for about 75 km along the north-south trend of the Chelungpu fault. At the northern end of the fault, the rupture extends toward the northeast and splinters into complex branches (Ma et al. 1999) . The largest 3D displacement of 9.8 m is located at the fault's northern end in the region of complex faulting. Individual GPS stations within 15 km east of the fault generally are uplifted by 0.2-4 m and displaced northwestward by 1.5-9 m. The GPS stations situated further to the east of the rupture zone all the way to the eastern coast are subsided by up to 0.8 m and displaced northwestward by 0.1-3 m. To the west of the fault, in general, the stations are subsided by up to 0.5 m and displaced southeastward by up to 1.2 m. It is interesting to note that after the earthquake liquefaction-related ground failures were reported in regions near the western coastline, which can also be identified with the large subsidence quantities up to 0.5 m shown in the corresponding areas in Fig. 8 .
CONCLUSIONS
In this study we presented the implementation of a new national geodetic network for Taiwan, namely, the Taiwan geodetic datum 1997 (TWD97). Key geodetic issues associated with the realization of this new datum, including GPS data collection and processing, adjustment computation analyses, and maintenance procedures, were investigated. In an effort to sustain the designed frame accuracy for TWD97, we also computed the displacement pattern associated with the 1999 Chi-Chi earthquake over the very large area of ϳ10,000 km 2 (100 km ϫ 100 km). The maximum dislocation of 9.8 m is among the largest fault movements ever measured for modern earthquakes. The detailed 3D displacement field provided us with a unique opportunity to witness the continuing mountain building processes in Taiwan and a variety of earthquake-related phenomena from a geodetic point of view.
